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ABSTRACT

CHARACTERIZATION OF THE ACTION OF PYRETHROIDS ON THE CALCIUM
CHANNEL OF PARAMECIUM TETRAURELIA
MAY 2000
STEVEN B. SYMINGTON, JR.
B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor J. Marshall Clark

Pyrethroid insecticides are voltage-sensitive sodium channel agonists in vertebrate
neurons. CS-syndrome pyrethroids, including deltamethrin, are highly toxic to

Paramecium tetraurelia, an organism that does not possess a voltage-sensitive sodium
channel. Radioisotope experiments using whole cells under resting conditions established
that the toxic 1R isomer of deltamethrin resulted in increased Ca

influx via the calcium

channel, while the non-toxic 1S isomer produced no significant effect. Pawn mutants,
which lack a functional calcium channel, were unaffected by deltamethrin. Using
fluorescent bioassays under depolarizing conditions, behavioral and radioisotope
2_|_

experiments were corroborated. Specifically, deltamethrin stimulated Ca

influx in

stereospecfic manner and influx was blocked by the phenethylamine type calcium
channel blocker, D595. Ca2+influx and membrane depolarization were increased at
deltamethrin concentrations as low as 10'9 M in a dose-dependent fashion. These findings
established that the toxic effect of deltamethrin is stereospecific, dose-dependent and

enhanced by depolarization. Thus, CS-syndrome pyrethroids, specifically deltamethrin,
are potent agonists of the ciliary calcium channel in P. tetraurelia.
The presence of guanine nucleotide binding proteins, G-proteins, has not been
definitively proven in Paramecium. However, we have putatively identified the presence
of a 41 kDa protein in ciliary vesicles by Western blot analysis using an antibody (antiGa) that detects the conserved GTP binding site of the alpha subunit of G-proteins. This
putative Ga protein also was detected in Paramecium cilia by pertussis toxin catalyzed
ADP-ribosylation. The molecular weight of this protein is consistent with that of the a
subunit of inhibitory G-proteins (Gai). Furthermore, we also have putatively identified
the presence of a 36 kDa p-subunit of G-proteins (GP) in ciliary vesicles by Western blot
analysis using an anti-Gp antibody that detects a conserved region in the N-terminus of
the protein that interacts with the gamma subunit of G-proteins (Gy).
Deltamethrin-stimulated Ca2+ influx was enhanced in the presence of nonhydrolyzable analogs of guanine nucleotides (GTP-y-S), indicating that G-proteins may
be involved in the action of pyrethroids on the ciliary calcium channel of P. tetraurelia.
Deltamethrin also stimulated phospholipase C (PLC) activity in ciliary vesicles in a dosedependent and stereospecific manner. Deltamethrin-stimulated PLC activity also was
enhanced in the presence of exogenously added GPy. Collectively, these results indicate
that deltamethrin is a potent agonist of the voltage-sensitive calcium channel of P.

tetraurelia, and this action may involve G-proteins as secondary messengers.
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CHAPTER 1
INTRODUCTION

The Food Quality Protection Act (FQPA) has mandated that current pesticide use on
agricultural commodities be critically reevaluated due to potential human health effects,
particularly in children and infants. Thus far, the implementation of FQPA has lead to the
restricted use and elimination of some pesticides from the organophosphorous and
carbamate class of insecticides, with apparently more restrictions to follow. Other pest
control agents will need to fill the void to maintain agricultural productivity. Pyrethroids
likely will serve as the major replacement insecticide due to their relatively low human
toxicity, low environmental impact, broad spectrum of toxicity to insects, availability and
low cost. The major concern to the increased use of pyrethroids is that they are highly
toxic to aquatic organisms. The increased use of pyrethroids will certainly lead to
additional impacts on aquatic ecosystems. To address these concerns and to provide rapid
and cost effective information concerning pyrethroid toxicity in aquatic systems, a highly
sensitive, easily assessed, and unique bioassay is needed. An aquatic ciliate, Paramecium,
meets these criteria.
Pyrethroids are a class of synthetic insecticides derived from the naturally occurring
botanical insecticide mixture, pyre thrum. These insecticides produce well-characterized
toxicological actions on numerous target sites involved in neuronal function, most
notably the slowing of the inactivation mechanisms and prolongation of tail currents of
voltage-sensitive sodium channels (Narahashi, 1992, Trainer et al., 1997). Additional
target sites include: voltage-sensitive calcium channels (Clark et al., 1995, Duce et al.,
1999), voltage-sensitive chloride channels (Forshaw et al., 1993), potassium channels
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(Narahashi, 1971), calmodulin-dependent protein kinases (Enan and Matsumura, 1992),
peripheral benzodiazepine receptor (Devaud et al, 1988), Ca2+-stimualted ATP
hydrolysis and sodium/calcium exchangers (Clark and Matsumura, 1987), nicotinic
acetylcholine receptor (Abassy et al., 1982), GABA receptors and GABA-activated
channels (Lawrence and Casida, 1983), phospholipase C (Gusovsky et al., 1986,
Gusovsky et al., 1989, Enan and Matsumura, 1993) and the py-subunit of heterotrimeric
G-proteins (Rossingnol, 1991, 1995). For an extensive review of the toxicological
ramifications at these receptor sites refer to Soderlund and Bloomquist (1989), Narahashi
(1992), and Clark (1995).
Pyrethroids are remarkably effective insecticides because of their ability to disrupt the
insect nervous system at concentrations that result in no mammalian toxicity.
Nonetheless, pyrethroids are extremely toxic in aquatic ecosystems, especially to fish
(Bradbury and Coates, 1989). Increased fish toxicity is due, in part, to decreased
xenobiotic metabolism, resulting in LC50 values 10-1000 times higher for fish compared
to mammals. Fish toxicity is greater in the presence of a nitrile group attached to the
methylene carbon of the phenoxybenzyl alcohol (a-cyano moiety) and inversely related
to temperature (Bradbury and Coates, 1989). Pyrethroids are not as toxic to fish
populations in their native environment as compared to laboratory bioassay studies
(Bradbury and Coates, 1989). This observation is explained, in part, by the hydrophobic
nature of pyrethroids that result in high levels of non-specific binding to apolar humic
substances and organic particulate matter, thereby decreasing the effective concentration
of bioavailable pyrethroid (Bradbury and Coates, 1989). Because of the high sensitivity
of P. tetraurelia to pyrethroids, and most probably to other ciliates and aquatic species,
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Clark et al., (1995) have suggested that an alteration in the detritus-based food web also
could be a contributing factor in the high sensitivity of aquatic ecosystems to pyrethroids.
Although the molecular site of action for pyrethroids is not completely elucidated,
pyrethroid symptomology of poisoning is well characterized. In general, Type-I
pyrethroids (which do not possess an a-cyano group) produce the tremor or T-syndrome,
whereas Type-II pyrethroids (which possess an a-cyano group) produce
Choreoathetosis/Salivation or CS-syndrome. CS-syndrome pyrethroid poisoning also
results in a broader range of toxic events, including enhanced neurotransmitter release
and increased cardiac contractions (Clark, 1995). Given the diverse toxicological
ramifications of this class of insecticides in a variety of tissues and organisms, we have
chosen to examine the mechanistic action of a CS-syndrome pyrethroid, deltamethrin, on
the ciliary calcium channel of P. tetraurelia.
Previous research has established that deltamethrin is extremely toxic to P. tetraurelia
with mortality occurring at concentrations > 10"10M (Clark et al., 1995). Pyrethroid
exposure also resulted in an increase in backward swimming, an avoidance behavior that
is a direct physiological response to increased intracellular [Ca ] via ciliary voltagesensitive calcium channels. These findings are consistent with the hypothesis that CSsyndrome pyrethroids are potent agonists of these channels in P. tetraurelia. Thus,
pharmacological characterization of the voltage-sensitive calcium channel in the ciliary
membrane of P. tetraurelia is critical to the elucidation of the molecular mode of action
of pyrethroids in this organism.
In this thesis research, the action of deltamethrin on ciliary voltage-sensitive calcium
channels of whole cell P. tetraurelia is characterized using a variety of pharmacological
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and biological assays. Specifically, standard mortality and behavioral bioassays, in the
presence of established calcium channel agonists and antagonists, are used to validate the
existence of a T-type calcium channel present in the ciliary membrane and the agonistics
action of pyrethroids on this channel. Radioisotope and fluorometric calcium and sodium
flux assays, in the presence of a previously determined toxic dose of deltamethrin, are
evaluated to establish the stereospecific actions of pyrethroid isomers on the ciliary
calcium channel of from wild type and mutant strains of P. tetraurelia. The action of
deltamethrin also is characterized using ciliary vesicles enriched in calcium channels in
the presence of G-protein modulators to elucidate the biochemical mechanisms of action
of CS-syndrome pyrethroids.
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CHAPTER 2

LITERATURE REVIEW

2.1 Paramecium as a Model System to Study Aquatic Pollutants.
P. tetraurelia is sensitive to a variety of agricultural pollutants, including pyrethroid,
organophosphorous, and organochlorine insecticides, but is unaffected by the cyclodienes
(Clark et al., 1995). P. tetraurelia is an excellent animal model to study the action of
pyrethroids on voltage-sensitive calcium channels since these ciliates do not possess
voltage-sensitive sodium channels, the primary site of action of pyrethroids in insects
(Soderlund and Bloomquist, 1989, Narahashi,1992, and Clark, 1995). Paramecium is
extremely useful to study the role of the calcium channel with respect to chemotaxis since
these cells are large and easily observed under a light microscope, are amenable to
electrophysiology or microinjection experiments, and readily disrupted and fractionated
for the use in in vitro molecular and biochemical techniques. Additionally, several wellcharacterized channel mutants exist for P. tetraurelia that make it amenable for
mechanistic studies on the action of pyrethroid on calcium channels, including the pawn
and fast-2 mutants. The pawn mutant, so named because it only moves forward like a
chess piece, lacks a functional calcium channel and the fast-2 mutant, which does not
have a functional calcium-dependent sodium channel (Kung et al., 1975).

2.2 Paramecium Voltage-Sensitive Calcium Channels.
Voltage-sensitive calcium channels are associated with the ciliary membrane and
control the avoidance behavior of Paramecium. Channel proteins have been isolated from
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cilia for extensive biochemical analysis (Theile et al., 1981, 1982) and most closely
resemble the mammalian T-type in terms of biophysical and pharmacological properties
(Ehrlich et al., 1988). The channel is low voltage-activated and sensitive to the divalent
cation Ni2+ (Bernal and Ehrlich, 1993,). It is insensitive to co-conotoxin GVIA and
dihydropyridines but the phenylalkylamine, D595, is a potent antagonist (Clark et al.,
1995).
A well characterized avoidance behavior (backward swimming) of Paramecium is
under direct control of the ciliary calcium channel and has been used to examine the
effects of potential channel agonists and antagonists (Hinrichsen and Schultz, 1980).
Under resting (non-depolarizing) conditions, the cell swims forward using an anterior to
posterior power stroke of the cilia. When the cell is exposed to unfavorable stimuli such
as extreme light, heat, or a chemical substance, a Ca2+ action potential is elicited via
activation of the channel, which results in increased intracellular Ca

and a reversal of

the ciliary power stroke. The reversed power stroke of the cilia causes the cell to move
backward which continues until the stress is removed (Bonini et al., 1991). Since the
avoidance response is easily viewed under a light microscope and test regimens can be
easily controlled and manipulated, Paramecium have been used extensively as a research
model to study chemotaxis involving the ciliary calcium channel.
There are a limited number of reports indicating the presence of G-proteins in
Paramecium. Forney and Rodkey (1992) have identified a highly conserved consensus
WD sequence for G(3 in the macronuclei of several species of Paramecium. Fraga and
Hinrichsen (1994) used a PCR homology approach to identify low molecular weight Gproteins in Paramecium. Furthermore, there is additional evidence that G-proteins are
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involved with the regulation of the ciliary calcium channel. Bernal et al. (1991, 1993)
reported that non-hydrolyzable analogs of guanine nucleotides alter Paramecium
backward swimming behavior and prolong the duration of whole cell calcium action
potentials when injected into the cell. Clark et al. (1993) reported that extracellular GTPy-S prolonged backward swimming in Paramecium and induced whole cell membrane
depolarization. Collectively, these results indicate that G-proteins are present in
Paramecium species and are involved with the chemotaxic response to external stimuli.

2.3 Voltage-Sensitive Calcium Channels.
O-i-

In vertebrate and invertebrate organisms, Ca

plays key regulatory roles in secondary

messenger systems that allow organisms to respond to a plethora of intra- and extra¬
cellular signals. Calcium channels are an important regulatory protein associated with
Ca

2+

homeostasis. These channels are large, multimeric, integral membrane proteins

derived from a common superfamily of genes that includes most sodium and some
potassium channels. Calcium channels have been classified into several different types
based on their respective biophysical and pharmacological properties (Connely and
Brammer, 1999). The structural diversity and intricate modification of calcium channel
types leads to the regulation of many different cellular events controlled by Ca

9-1-

including muscle contraction (Tanabe et al., 1993), neurotransmittor release (Waterman,
2000), heart pacemaking activity (Mori et al, 1993) and spermatogenisis (Arnoult et al.,
1998).
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2.3.1 Voltage-Sensitive Calcium Channel Subunit Structure.
Calcium channels are protein complexes consisting of 5 distinct subunits (ai, p, a2-8
and y), each with a specialized role in the regulation of Ca2+, channel gating kinetics, and
localization of their respective channels (Connely and Brammer, 1999). The ai-subunit is
the main structural unit of the functional channel and consists of 4 domains with 6
transmebrane a-helices each. The 4 domains fold to form a pore for the passage of
divalent cations. The S4 segment of each domain contains the voltage-sensor region that
determines the electrophysiological and biophysical properties of the channel. The ocisubunit also contains a wide variety of binding regions for regulation, including
9-4-

recognition sites for Gpy, phosphorylations sites, Ca /calmodulin, and glycosylation
(Rossie, 1999, Walker and DeWaard, 1998, Connely and Brammer 1999).
At present, there are 4 main classes of p-subunits, which are characterized by the gene
sequence with splice variants in each of the classes (Connely and Brammer 1999). Psubunits are typically 52-78 kDa in size and are responsible for the voltage-sensitive
activation of calcium channels. When co-expressed with the pore forming oci-subunit in
Xenopus oocytes, p-subunits result in increased Ca

94-

current and a shift to more positive

resting potentials (Birnbaumer et al., 1998).
The OC2-5 subunits are two distinct subunits that are covalent joined by disulfide
bridges between the C-terminus of the a2 and the N-terminus of the 8 subunit. The ot2-S
subunit is derived from the same gene, is relatively large (-175 kDa) and also is involved
with the modulation of channel gating kinetics. When this subunit is co-expressed with
the ai- and p-subunits, the biophysical features of the expressed channel are the same as
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these of channels characterized in vivo (Catterall, 1988). These results provide evidence
that this subunit has a functional role and is not just a structural component.
The y subunit is a relatively small subunit with an estimated molecular weight of 30
kDa. The function of the subunit is unknown and is only associated with the L-type
channels characterized from skeletal muscle (Catterall, 1988).

2.3.2 Characterization of Voltage-Sensitive Calcium Channel Types.
Calcium channels are characterized by their biophysical and pharmacological
properties. Presently, there are 6 distinct types of calcium channel that have been
identified (L, N, P, Q, R, and T). Table 1 (Appendix) gives the biophysical properties and
the primary function of each of the different types. L-, N-, P-, and Q-type channels are
high voltage-activated while the T-type is low voltage-activated. The R-type calcium
channel has both high and low voltage-activation characteristics (Randall and Tsien,
2+

1997). Distinct channel types allow for different functions that are regulated by Ca

to

occur and for specific tissue expression, which is an important feature in the
establishment of selective physiological function. The ai-subunit of some calcium
channel types is regulated by GPy and possesses overlapping regions for other regulatory
proteins, such as the p-subunit of the calcium channel, protein kinases and phosphatases
(Zamponi et al., 1997). Modification of selective channel types by these processes allows
intracellular communication amongst a variety of convergent regulatory pathways and
results in a very intricately regulated response to small changes in Ca

2"b

8

concentration.

L-type calcium channels are high voltage-activated and expressed in large numbers in
skeletal muscle. These channels are primarily involved with excitation, contraction and
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secretion. There are 4 different classes of aj-subunits (C, D, F, and S) that make up the
pore-forming region of this channel with a variety of phosphorylation sites for regulatory
purposes (Rossie, 1999).
N-type channels are high voltage-activated and expressed in large numbers in neurons,
specifically in presynaptic nerve terminals. Consequently, these channels are primarily
involved with neurotransmitter release. The ai-subunit that composes the pore-forming
region of these channels is of the B class and is intricately regulated by protein kinase C
(PKC) and G(3y (Hamid et al, 1999).
P- and Q-type channels are encoded by homologous genes and are differentially
spliced to at least two different functional isoforms (Bourinet et al., 1999) that can be
separated by their sensitivities to spider-web toxins and inactivation kinetics. The otisubunit structures are classified as A, and are expressed predominantly in the central
nervous system.
T-type channels are low voltage-activated and the a i-subunits have been classified
into at least 4 different groups (E, G, H, and I). These channels influence spontaneous
action potentials in neurons, slowly deactivate, and are expressed in a variety of tissues,
including cardiac, neuronal, and spermatogenic cells.
R-type channels, so named because they are resistant to the conventional
pharmacological agents used to separate other calcium channels in vitro, are less well
understood. These channel types elicit both low and high voltage-activation (Randall and
Tsien, 1997) and may be an important evolutionary link between low (T-type) and high
(L-, N-, P-, and Q-type) voltage-activated channels.
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Calcium channels also are separated into distinct groups by their sensitivities to
various cations and pharmaceutical agents. Table 2 (Appendix) gives the
pharmacological profile of calcium channels, with the estimated half-maximal inhibition
concentrations (IC50) values of characterized channels. Since many different cell types
possess a variety of calcium channels, these compounds are used to isolate single channel
types for study.

2.3.3 Role of Phosphorylation.
The functions of calcium channels are directly modulated by phosphorylation events
involving protein kinases and phosphatases (Rossie, 1999). The specific effect of
phosphorylation is highly dependent on the channel/tissue type that is being analyzed. In
general, a 1-subunits of calcium channels have serine/threonine residues that can be
phosphorylated by protein kinase A, C, and G (PKA, PKC, PKG) and phosphorylation
results in increased Ca2+ current and shifts the channel from a reluctant to a conducting
state (Rossie, 1999).

2.3.4 Role of Guanine Nucleotide Binding Proteins.
G-proteins are heterotrimeric intracellular signaling molecules that regulate a diverse
group of secondary messenger pathways, including calcium channels. These GTPbinding proteins consist of three subunits, Got, Gp, and Gy. Got posses the GTP/GDP
binding region and consequently the GTPase activity. When Got is bound to GTP, it
dissociates from the other subunits and is free to diffuse though the cytosol and bind to
receptor molecules, resulting in amplification or inhibition of a particular cellular
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message. The intrinsic GTPase activity of the Ga will eventually hydrolyze the GTP to
GDP, which promotes re-association with the coupled GPy and the re-establishment of
the heterotrimeric structure. Originally, GPy was believed to be an anchor protein for Ga.
Recent evidence has revealed that GPy also regulates a wide variety of signaling
pathway, itself (Clapham and Neer, 1997) and directly interacts with calcium channels
resulting in modification of the gating characteristics (Catterall 1997).

2.3.5 Role of Voltage-Sensitive Calcium Channels as Mediators of Intracellular Signals.
The ai-subunits of calcium channels serve as target proteins for a number of
secondary messenger systems, which consequently allows two or more different
pathways to communicate. Distinct Gpy binding regions have been identified on the ap
subunits of T-, N-, P-, and Q- type calcium channels; two motifs exist in the cytoplasmic
linker region between domain I and II (DI-II) and a second in the C-terminal region of the
ai-subunit. The region between the DI-II also has overlapping binding domains for the
calcium channel p-subunit and PKC-dependent phosphorylation sites (Zamponi and
Snutch, 1998).
An intricate model has been proposed for the precise control of neurotransmitter
release at nerve terminals involving a variety of intracellular signal mediators that
converge at the aiEpsubunit of N-type channels (Hamid et al., 1999). The DI-DII region
also has overlapping binding sites for PKC and the calcium channel P-subunit. This
channel is up regulated by PKC-dependent phosphorylation event but only in the
presence of the calcium channel P-subunit (Stea et al., 1995) and is modulated by GPy
(Zamponi et al., 1997). PKC-dependent phosphorylation of either Thr
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422

or Ser

425

of the

ai-subunit results in upregulation by shifting the channel to a "willing state" (De Waard
et al, 1997). Phosphorylation of only the Thr

site antagonizes GPy-dependent

inhibition of the calcium channel. This intricate regulatory apparatus communicates
messages, via the binding of modulators, to overlapping receptor sites on the aie-subunit
between a variety of signaling cascades and allows the fine control of a neurotransmitter
release.

2.4 Pyrethroid Modification of Voltage-Sensitive Calcium Channels.
Pyrethroids differentially affect various calcium channel types in a variety of
organisms and tissues. Narahashi et al (1987) identified two distinct calcium channels
from mouse neuroblastoma cells (N1E-115). The first channel (type 1) had a transient
Ca2+ current activity that most closely resembles the T-type calcium channel from chick
dorsal root ganglion (DGR), and a second channel (type 2) had long lasting Ca2 current,
which resembled the L-type calcium channel from DRG (Linden and Routtenberg, 1989).
Tetramethrin, a T-syndrome pyrethroid, preferentially blocked the T-type channel
(Yoshii et al, 1985). In related studies, Hagiwara et al (1988) reported that tetramethrin
blocked a transient calcium channel current (T-type) in rabbit sino-atrial node cells with
no significant effect on a long-lasting calcium channel current (L-type). Recently, Duce
et al. (1999) have identified a high (L-type) and low (T-type) voltage-sensitive calcium
channel in isolated housefly neuronal stoma. Only the T-type channel was susceptible to
treatment with the CS-syndrome pyrethroid, deltamethrin, which resulted in a
prolongation of the Ca2+ action potential due to a slowing of the inactivation kinetics and
a shift in the I/V curve to more depolarizing voltages (Duce et al, 1999).
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Deltamethrin also has been reported to be a potent agonist of Ca -dependent
neurotransmitter release from presynaptic nerve terminals of a variety of organisms
(Clark and Brooks, 1989a, 1989b, Clark and Marion, 1990, Clark and Matsumura, 1991,
Guo-lei et al., 1992). Neurotransmitter release was found to be dependent on external
2d"

Ca" concentration and release evoked by deltamethrin was enhanced under
depolarization conditions. In the presence of tetrodotoxin (TTX), release still was
enhanced by deltamethrin but blocked by the phenylethylamine calcium channel blocker,
D595, and co-conotoxin GVIA. Together, these results implicate an action of deltamethrin
on the N- and T-type calcium channels associated with the synaptolemma of the
presynaptic nerve terminal.
Recently, neurochemical and neuromorphological alterations associated principally in
the cerebellum of rat brain have been correlated to changes in locomotive and aggressive
behaviors following deltamethrin exposure (Husain et al, 1996). The
neuromorphological focus of the neurochemical changes appear to be associated with the
Purkinje neurons in the cerebellum. Specifically, levels of endogenous polyamines
(spermine, spermidine, putrescine) were altered in the cerebellum. Polyamines have
binding sites in nuclear fractions, myelin (Seiler and Laberty, 1975) and synaptic vesicles
(Shaw, 1979) and function in the regulation of neurotransmission (Iqbal and Koening,
1985), the modulation of calcium channels (Scott et al., 1993) and in the binding of
nitrendipine and co-conotoxin to calcium channels (Schoemaker, 1992). Together, these
results support a potent action of CS-syndrome pyrethroids on mammalian brain neurons,
particularly those associated with the cerebellum, which may potentate the release of
neurotransmitters and affect muscle coordination.
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The above research provides compelling evidence that pyrethroids do indeed alter
Ca2+ homeostasis at toxicologically relevant concentrations. It also is apparent that not all
calcium channels are affected equally. Furthermore, specific calcium channel isoforms
may elicit different levels of sensitivity to different types of pyrethroids, specifically, Tand CS-syndrome pyrethroids.

\
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CHAPTER 3
MATERIALS AND METHODS

3.1 Chemicals and Reagents.
1R- and 1 S-enantiomers of deltamethrin, [3-(2,2-dibromoethenyl)-2,2 dimethylcyclopropanecarboxylic acid cyano(3-phenoxyphenyl)-methyl ester] were a generous gift
from Dr. D. M. Soderland (Cornell University, New York). D595 (5-[(3,4dimethylphenyl)-methyl-amino]-2-(3,4-dichlorophenyl)- 2-isopropylvaleronitrile) was a
generous gift of Dr. Kretzschmar (Knoll AG, D-67 Ludwigshafen A/Rhein, Germany). 1[6-(( 17p-3-methoxyestra-1,3,5 (10)-trien-17-yl)amino)hexyl]-1 H-pyrrole-2,5-dione (U73122), G-protein subunit assay kit, containing anti-Ga polyclonal antibody, G-proteins
standards, GTP-y-S (Guanosine 5’-0-(3-thiotriphosphate), GTP-p-S (Guanosine 5’-0-(2thiodiphosphate), Platelet-Dervied Growth-Factor (PDGF) and pertussis toxin were
purchased from Calbiochem (La Jolla, CA). PAGEr 10 % tris-glycine precast gels were
purchased from FMC bioproducts (Rockland, ME). Nitrocellulose membranes, ECL '
chemiluminescene kit and Percoll solution were purchased from Pharmacia Biotech
(Piscataway, NJ). Fura-2 penta-potassium salt and fura-2 acetoxymethyl-ester (fura-2
AM) were purchased from Molecular Probes, Inc. (Eugene, OR). Radioisotopes, 45CaCl2
(NEZ-013), 22NaCl (NEZ-081), [3H]phosphatidylinositol 4,5,-bisphophate ([3H]PIP2,
NET-895) and [32P]nicotinamide adenine dinucleotide, [32P]NAD, (NEG-023X) were
purchased from NEN-Dupont (Boston, MA). Amiloride was purchased from Research
Biotech International (Natick, MA). Anti-Gp monoclonal antibody, and GPy were
purchased from Santa Cruz Biotech (Santa Cruz, CA). Kodax Biomax film, Rhodamine
6G, Coomassie brillant blue R250, pepstatin, leupeptin, and PMSF were obtained from
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the Sigma Chemical Co. (St. Louis, MO). All other solvents and general chemicals used
were obtained from various commercial sources at the highest purity available.

3.2 Strain Types, Rearing Conditions and Culturing.
P. tetraurelia strains 51-S (wild type) and two mutants, fast-2 (d4-91) and pawn (d4-

95), were a generous gift from Dr. J. Van Houten (University of Vermont) and cultured
as described by Kung et al., (1975) with modifications made by Clark et al., (1995). Cell
cultures were periodically washed overnight with a 0.01% (V:V) solution of gentamicin
in culture media prior to reinoculation to ensure that the cultures remained free from
contaminating bacteria.

3.3 Culture Cell Density and Protein Determinations.
The cell density of P. tetraurelia cultures was assessed spectrophotometrically 7-10
days after inoculation. Approximately 20 ml of cell culture was centrifuged at 350g to
pellet cells. The pellet was resuspended in 10 ml of Dryl’s solution (2 mM Na2P04, 2
mM Na-citrate, 1.5 mM CaCl2, pH 7.0) to wash the cells of any containing bacterium and
recentrifuged. The second pellet was resuspended into resting buffer (1 mM CaCl2, 1 mM
Tris base, 1 mM citric acid, 15 mM NaCl and 5 mM KC1, pH 7.0). The absorbance
difference between cells in resting buffer versus resting buffer alone was measured and
the peak absorbance determined (A,max ~ 302 nm). Cell density was estimated by counting
individual P. tetraurelia present in a 10 pi aliquot under a light microscope. The average
number of cells was then estimated using the appropriate dilution factor. A standard

17

curve was prepared by plotting the OD302 values versus the estimated cell density and
subsequent cell densities were estimated directly from the curve.
The bicinchonic acid (BCA) method was used to determine protein concentrations for
whole cell, ciliary membrane, and vesicle preparations (Smith et al, 1985). A standard
curve was constructed from five replicate experiments that measured a series of standard
protein concentrations. The protein standards, which ranged from 0 to 100 pg, were
diluted from a 1 mg/ml stock of bovine serum albumin (BSA) in MOPS buffer.
Absorbance values (OD) were determined at a wavelength of 562 nm using a Shimadzu
Spectronic 210UV spectrophotometer. A standard curve was generated by plotting the
average OD562 values versus the amount of protein (r2=0.99). Subsequent protein
determinations for unknown samples were accomplished as described above and
estimated protein values derived from the standard curve.

1

3.4 Avoidance Behavior Bioassay.
Behavioral assessment of the effects of divalent cations and other calcium channel
ligands on backward swimming were performed using the avoidance behavior assay as
previously described (Clark et al, 1995). Individual cells were transferred into
carbowaxed (5.0%, PEG 20,000) watch glasses (26 mm diameter) containing 500 pi of
K+-depolarization buffer (1 mM Ca(OH)2, 1 mM Tris base, 1 mM citric acid, 20 mM
KC1, pH 7.0) amended with of 0.1 mM of the chloride salt test cation. Backward
swimming was observed during K+-induced membrane depolarization (the avoidance
reaction) under a light microscope. For pretreatment experiments, cells were transferred
into resting solution containing the pretreatment compound and incubated for 5 min. The
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avoidance behavior bioassay was initiated by transferring the cells into depolarizing
solution and backward swimming monitored as described above.

3.5 Radioisotope Flux Assays.
2_p

A radiometric flux bioassay was developed to quantify the amount of Ca

q_

or Na

influx that occurred when cells were treated with deltamethrin and other pharmacological
agents. The bioassay was performed in carbowaxed watch glass wells as described by
Clark et al. (1995). A 500 pi aliquot of cesium chloride buffer (1 mM Ca(OH)2, 1 mM
Tris base, 1 mM citric acid, 15 mM CsCl and 5 mM KC1, pH = 7.0) was placed into each
glass well. A 500 pi aliquot of cell culture was added to the cesium buffer and allowed to
equilibrate for approximately 5 min. A 10 pi aliquot of a radioisotope, either 45Ca2+ or

22Na+ that contained 106 cpms, was added to the cell suspension. Immediately following
the radioisotope addition, a 10 pi aliquot of either a test solution (deltamethrin or
pharmaceutical agent) or an appropriate solvent vehicle was added to the well so that a
final assay concentration was 10'5 M for the test compound. Cells were incubated at room
temperature for 60 sec, transferred into microcentrifuge tubes and centrifuged at
maximum speed (13,000 rpm) for 3 min using an IBI-IMV 13 microcentrifuge. The
supernatant was decanted and the pellet resuspended in 1 ml of resting buffer. The
resuspended pellet was quantitatively transferred to a plastic scintillation vial and the
microcentrifuge tube washed with 1 ml of resting buffer that was added to the vial. The
radioactivity of each sample was determined using liquid scintillation. Each experiment
consisted of three replicate assays for both the test compounds and solvent vehicles.
Background radiation levels were determined for each experiment by the inclusion of
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three replicate wells containing no cells. Statistical analysis (unpaired t-test, P < 0.05)
was performed using Sigma-plot, version 3.0 for windows (Jandel-Scientific).

3.6 Estimation of Membrane Potential.
The membrane potential of whole cells was measured using rhodamine 6G essentially
according to Aiuchi et al (1985) with minor modifications. Measurements were made
using a Shimadzu RF-1501 fluorescence spectrophotometer equipped with the kinetics
program pack (Shimadzu Scientific Instruments, Columbia, MD). Excitation and
emission wavelengths were 520 and 550 nm, respectively. Both the excitation and
emission slit widths were set at 10 nm. Rhodamine 6G (0.1 pM final concentration) was
added to 3 ml of resting buffer contained in the fluorescent cuvette approximately 35 sec
after recording had commenced. Cell culture (300 pi), washed and resuspended in resting
buffer, was added to the cuvette at 100 sec. Treatment compounds or their respective
solvent vehicles were introduced to the cuvette at approximately 200 sec or when the
fluorescence signal stabilized after the addition of the cells. Cells were maintained in
suspension by a magnetic stirrer throughout each assay. The reduced Goldman equation
was employed to estimate the membrane potential based on the relationship between
fluorescence intensity and potassium equilibrium potential (Aiuchi et al, 1985). Ethanol,
which never exceeded 0.1% (ViV), was the solvent vehicle for the introduction of test
compounds and rhodamine 6G into resting buffer.
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3.7 Whole Cell Fura-2 Fluorescence Assay.
Approximately 30-45 ml of a cell culture, 7 to 10 days old, was centrifuged for 5 min
at 350g using a tabletop centrifuge and the resulting cell pellet washed 3 times in 10 ml
of Dryl’s solution. The washed cells were resuspended in 10 ml of low Ca

loading

buffer (10 pM CaCb, 1 mM Tris base, 1 mM citric acid, 15 mM NaCl and 5 mM KC1,
pH 7.0). Cells were centrifuged as above and resuspended in 5 ml of fura-2 loading
buffer, containing 10 pM fura-2 AM, and incubated for 60 min at room temperature in
the dark while stirring. Following fura-2 AM loading, excess dye was washed out by the
addition of 10 ml of loading buffer and allowed to incubate in the dark for an additional
15 min. Cells were washed 3 times with 10 ml of CsCl buffer and the final pellet
resuspended into CsCl buffer prior to conducting the fluorometric assays.
Internal free calcium concentrations ([Ca2+]0 were determined by the fura-2 ratio
imaging method using a Shimadzu RF-1501 spectrofluorophotometer equipped with a
calcium measurement program pack (^ex^ 340 nM and 380 nM, Xem= 510 nM). Cells
9+

preloaded with fura-2 were transferred to quartz fluorometric cuvettes. Basal [Ca ]j
levels were recorded for the 60 sec prior to the addition of the test compound. Test
compound or the appropriate solvent vehicle (0.1% V:V) was delivered via a
microsyringe and allowed to equilibrate with the cells for 60 sec. Cells were depolarized
with the addition of 2 M KC1 (final assay concentration of 20 mM) and fluorescence
2+

intensity monitored for changes in the [Ca ]j.
Fura-2 calibrations and [Ca2+]j calculations were performed as described in
Grynkiewicz et al., (1985) with modifications made by Iredale and Dickenson (1995).
The minimal [Ca2+]j level fura-2 ratio (Rmin) was determined by cell lysis with 0.1% SDS
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(sodium dodecyl-sulfate) in the presence of 10 mM EGTA (ethyleneglycol-bis-(Paminoethylether) N, N, N, N’-tetraacetic acid). The saturating [Ca

]j

level fura-2 ratio

(Rmax) was obtained by the addition of 40 mM CaCl2. Autofluorescence values were
determined by monitoring whole cell fluorescence in the absence of the fura-2 dye and
subtracted from raw fluorescence emission data prior to the calculations.

3.8 Large Scale Cilia Isolation and Ciliary Vesicle Preparation,
Cilia were harvested using a calcium shock method adapted from Thiele et al. (1981).
Twenty-four liters of improved wheat culture media were used to grow P. tetraurelia.
Cells were gravity-filtered through three layers of cheesecloth, and the filtrate centrifuged
at 900g for 10 min at room temperature. After pelleting, the cells were resuspended into
2.4 liters of Dryl’s solution to remove contaminating bacteria. Cells were recentrifuged
and the pellet washed first with 1.2 and then with 0.5 liters of solution A (150 mM
sucrose, 4 mM KC1, 1 mM CaCl2, 1 mM MOPS (3-[N-Morrpholino]propanesulfonic
acid), pH = 7.2), respectively. The final pellet of washed cells was resuspended in 40 ml
of Solution A.
To deciliate the cells, 5 volumes of solution B (150 mM sucrose, 4 mM KC1, 15 mM
MOPS, 0.1% W:V EDTA, 0.5% V:V glycerol, pH 8.3) was added and the solution gently
mixed on ice for 5 min. A CaCl2 stock solution (3 M) was added to give a final total Ca2+
concentration of 25 mM and the solution gently swirled on ice for an additional 5 mm to
shear the cilia from the cell membrane. The cell bodies were removed from the cilia
solution by centrifugation at 160g for 10 min. To ensure that the preparation was cell
free, the supernatant was centrifuged at 650g for 10 min. The supernatant was collected

and cilia isolated by centrifugation at 5900g for 30 min. The ciliary pellet was
resuspended in 40 ml of solution A and the solution was centrifuged again at 650g for 10
min to remove any remaining cell bodies.
To separate the free cilia from other subcellular debris (e.g., trichocysts), the
supernatant containing the isolated cilia was transferred to a clean tube. Ten ml of a 20 /o
(V;V) Percoll solution mixed in solution A was added and the pellet resuspended. The
Percoll gradient solution was centrifuged at 21,000g for 10 min 4 °C. Gradient fractions
were collected via a 22 gauge needle by puncturing the tubes and siphoning off the cilia
protein band. To remove excess Percoll and concentrate the cilia, the collected fraction
was washed with 10 ml of solution A and centrifuged at 27,000g for 20 mm. The cilia
pellet was resuspended into 5 ml of solution A and protein concentrations determined.
Isolated cilia were frozen with liquid nitrogen and stored at -80 °C until used for ciliary
vesicle preparation (Ehrlich et al1988).
Frozen cilia were thawed and repelleted from solution A by centrifugation at 27,000g
for 20 min at 4 °C. The pellet was resuspended into 10 ml of 10 mM MOPS and the cilia
were allowed to swell for 60 min on ice while gently swirling the solution every 5-10
min. Swollen cilia were disrupted on ice using an amino-French press at 1300 psi and a
flow rate of 10 ml/min. The lysate was centrifuged at 48,000g for 30 mm to pellet the
resulting ciliary vesicles. To purify the ciliary vesicles enriched with voltage-sensitive
calcium channels from incompletely disrupted axenomes and other subcellular particles,
the lysate pellet was resuspended in a 25 % (V:V) solution of Percolhsolution A and
fractionated by centrifugation at 27,000g for 15 min at 4 °C. The low density protein
band containing the ciliary vesicles was collected from the gradient using a disposable
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syringe as described in the cilia isolation procedure. The vesicles were washed by
resuspending into a minimal volume of solution A and repelleted at 21,000g for 30 min.

3.9 Statistical Analysis of Fura-2 Data.
Statistical analysis of fura-2 data used the methods adapted from Juberg et al. (1995).
Basal [Ca2+]j level was defined as the average of the [Ca2+]i during the 20 sec interval
between t = 20 and t = 40 sec period prior to treatment. Peak [Ca ], level was determined
from the average of the 20 highest [Ca ]j recorded post-depolarization. Average [Ca ]i
was calculated by equation 1 (EQ 1).
[EQ 1: Net [Ca2+]i = Peak [Ca2+]i - Basal [Ca2+]i]
Experimental results were reported as Ca2+ influx (nmoles Ca2+ increased by
treatment per mg protein) as calculated by equation 2 (EQ 2).
[EQ 2: Ca2+ influx = (Net [Ca2+]j x assay volume)/protein amount]
Determination of the difference in Ca2+ influx was calculated for each
experimental treatment and replicate treatments was averaged (n > 3). Statistical
significance of increases in Ca2+ influx for treatment groups compared to solvent control
by tested the unpaired t-test (Minitab, release 12).

3.10 G-Protein Regulated Phospholipase C Activity in Ciliary Vesicles.
Phospholipase C (PLC) activity in ciliary vesicles was determined as described
previously (De Vivo et al, 1997) with minor modifications. The substrate was prepared
with 10 pi of radiolabeled phosphatidylinositol 4,5-biphosphate, [inositol-2- H(N)],
(PIP2) (10 Ci/mmol) and 10 pi of an unlabeled mixture of phosphatidylinositides (PIPs).
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The substrate mixture was dried under nitrogen and resuspended in 50 pi of assay buffer
(50 mM HEPES, 100 mM NaCl, 0.5 mg/ml BSA, 0.1% sodium cholate, 2 mM EGTA,
2.5 mM MgCl2, pH = 7.4). The mixture was vortexed for 5 min on ice and sonicated 1
min in an ultrasonic cleaner (Fisher Scientific 50/60 Hz). Each assay tube contained 50 pi
assay buffer,

68

pi of 10 mM CaCl2, 50 pi of PIP substrate mixture (22,000 cpm of [3H]-

labeled PIP2, 10 nM, and 5 pmoles of unlabeled PIPs), 15 pi ddH20 and 2 pi various
treatments (GPy, 20 ng/assay, deltamethrin isomers, PDGF, 2 ng, or the PLC inhibitor, U73122, 10 pM). The reaction was initiated by the addition of either purified PLC (0.1 U,
12 pg) for in vitro analysis or 15 pi of homogenized ciliary vesicle preparation (50-100
pg protein) in PLC buffer (10 mM Tris-HCl, 144 mM NaCl, and 0.05% BSA, pH = 7.4).
U-73122 was incubated with ciliary vesicles for 10 min before adding deltamethrin,
while all the other treatments were added with deltamethrin. The assay was incubated for
10 min at 30 °C and stopped by addition of 1 ml of chloroform/methanol/HCl (100:100:1)
mixture. After the addition of 250 pi of 10 mM EDTA, the mixture was centrifuged at
•

'X

10,000g for 10 min. A 400 pi aliquot of the aqueous phase containing [ H]inositoltriphosphate (IP3) was taken for radioactivity determination by liquid scintillation.

3.11 Detection of G-Protein Subunits.
For both the western blot identification of Ga and Gp, and the ADP-ribosylation of
Ga, ciliary vesicles was prepared as described by Theile et al. (1981) and the final pellet
was resuspended in Tris buffer (10 mM Tris-HCl, containing 1 mM EDTA, 5 pg/ml
pepstatin, 5 pg/ml leupeptin and 1 mM PMSF, pH = 8.0).
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Immunodetection of G-protein subunits were preformed by western blot analysis as
described by Chen and Manning (1999). Ciliary vesicles (50-100 pg protein) or G-protein
immunoblot standard (0.5 pg) were electrophoresesed for 90 min at 125 V on a 10%
SDS-PAGEr gel and transferred to a nitrocellulose membrane (250 mA for 30 min, 390
mA for 30 min) in blot buffer (1.92 M glycine, 250 mM Tris base, containing 20%
methanol). The blot was blocked for 2 h at room temperature in blocking buffer (5% dry
powdered milk in TBS-T (100 mM Tris base, 2.5 M NaCl, pH = 7.5 containing 0.1%
Tween-20). The membrane was incubated with either an anti-Ga-antibody (1 pg/ml) or
anti-G(3-antibody (2 pg/ml) overnight at 4 °C. After primary antibody incubation, the blot
was washed twice for 30 sec, once for 15 min, and two more times for 5 min in 10 ml of
TBS-T. The washed blot was then incubated at room temperature for 2 h with the
secondary antibody, donkey-anti-rabbit IgG (1:1000), and washed as previously
described. The ECL chemiluminescence kit was used for the detection of the secondary
antibody according to manufacturer directions. The nitrocellulose membrane was
exposed to X-ray film and developed according to the manufactory directions.
PTX-catalyzed ADP-ribosylation of Got associated with ciliary vesicles was
preformed as described by Woolkalis (1999). PTX was first activated in PTX activation
solution (10 mM HEPES (N-[2-Hydroxyethyl]piperazine-N,-[2-ethanesulfonic acid]), pH
- 8, 4 mM dithiotheitol (DTT), 0.2 mg/ml BSA, 0.025% SDS, and 20 pg/ml PTX) and
incubated at 30 °C for 30 min prior to the initiation of the labelling reaction. The PTX
labeling mixture was prepared by adding 4 pg of purified bovine brain G-proteins mix or
50-100 pg of ciliary vesicles in 25 pi of PTX assay solution (10 mM HEPES, pH = 8, 1
mM DTT, 1 mM EDTA, 10 pM GDP-p-S, and 5 pM [32P]NAD at 20000 cpm/pmol).
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Five pi of PTX activation solution was added to the PTX labeling solution and the
mixture incubated at 30 °C for 60 min. The ADP-ribosylation reaction was terminated by
the addition of 6 gil of 6X protein loading buffer. Protein samples were heated at 100 C
for 3 min and electrophoresed for 90 min at 125 V on a 10 % tris-glycine precast protein
gel. The bottom of the gel (protein < 20 kDa) was excised to removed any of the unbound
[32P]NAD and protein bands detected by coomassie gel stain (50 % methanol, 0.05%
coomassie brillant blue R250, 10 % and acetic acid) and washed in coomassie destain
solution (5 % methanol and 7 % acetic acid). The gel was placed on 2 sheets of Whatman
#3 filter paper and dried using a Bio-rad 483 slab gel drying system. The dried gel was
then exposed to X-ray film and developed according to manufacture’s instructions for
visual inspection.
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CHAPTER 4
RESULTS

4,1 Avoidance Behavior Bioassays.
Bernal and Ehrlich (1993) previously reported that the voltage-sensitive calcium
channel in a marine Paramecium has a pharmacological profile most similar to the
mammalian T-type channel. We conducted swimming behavioral bioassays in the
presence of various cations and known T-type calcium channel blockers to characterize
the ciliary calcium channel of P. tetraurelia, a freshwater species. The avoidance
behavior, specifically backward swimming, is explicitly controlled by Ca

influx via

ciliary voltage-sensitive calcium channels. Thus, backward swimming can be used as a
direct assessment of the toxicological ramifications of various agonists and antagonist on„
this channel. Figure 1 shows the average time P. tetraurelia spent in each avoidance
behavior (backward swimming, spinning, and looping) when various divalent cations
2~b

were added to the standard behavioral bioassay, which included ImM Ca . Ba

2~b

and

Sr2+, divalent cations similar to Ca2+, had no significant effect on backward swimming
compared to the Ca2+ control, indicating that these cations were not adversely affecting
the calcium channel in P. tetraurelia. Ni2+, a group 7A divalent cation, elicited a strong
inhibitory action on all aspects of the avoidance behavior, each of which were
significantly reduced compared to Ca2+ control (P < 0.05, t-test). Co2+ reduced time spent
in each of the avoidance behaviors but only the spinning behavior was significantly
reduced compared to the Ca2+ controls. Interestingly, the group 8B divalent cation, Cd ,
significantly enhanced backward swimming but reduced spinning and looping.
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Time in Avoidance Behavior (sec)

n Backward Swim
■ Spinning
□ Looping

Ca

Ba

Sr

Cd

Co

Ni

Divalent Cation [10-4 M]
Figure 1. Effects of replacement cations on the time P. tetraurelia spent in each aspect of
avoidance behavior (backward swim, spinning, and looping) under depolarizing
conditions. An a denotes a value significantly less than Ca -treated cells. A b denotes a
value significantly greater than Ca2+-treated cells (t-test, n = 30, P < 0.05).
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Table 1. The effects of calcium channel agonists and antagonists on P. tetraurelia
backward swimming in depolarizing buffer.

Backward
Swim Time
(sec)

Treatment

SE

t-test
(P-valuea)

H2Ob
10'4M Amiloride
10'4M Ni2+

2.93
1.92
0.43

0.06
0.23
0.07

0.01

EtOHb
1 O^M Octanol

5.48
5.00

0.41
0.28

0.85

H20 Pretreat/EtOH
H20 Pretreat/10‘7M Deltamethrin
10'4M Amiloride Pretreat/ 10'7M Deltamethrin
10'4M Ni2+ Pretreat/10"7M Deltamethrin

1.20
45.27
45.50
26.87c

0.08
0.92
0.72
0.61

0.00
0.00
0.00

Ethanol Pretreat/EtOH
Ethanol Pretreat/10"7M Deltamethrin
10'4M Octanol Pretreat/10'7M Deltamethrin
10'7M D595 Pretreat/10'7M Deltamethrin

1.80
39.20
44.10
24.00c

0.08
0.65
2.19
0.49

0.00
0.00
0.00

0.39

a indicates P-value for t-test of treatment group vs. EtOH (ethanol) alone.
bH20 is the solvent vehicle for amiloride and Ni2+, EtOH (ethanol) is the solvent vehicle
for D595 and deltamethrin.
indicates the treatment is significantly different from deltamethrin treatment alone
(t-test, n = 30).

The effects of organic and inorganic calcium channel agonists and antagonists on the
backward swimming behavior of P. tetraurelia, is given in table 1. Amiloride and octanol
were ineffective at blocking backward swimming compared to the either H20 or ethanol
controls, respectively. Deltamethrin (10'7 M) resulted in increased backward swimming
regardless of pretreatment regimes compared to the corresponding solvent vehicle
treatments. Only pretreatment with Ni+2 and D595, a phenylethylamine-type calcium
channel antagonist, were effective blockers of deltamethrin-enhanced backward
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swimming, resulting in a 39% and 47% decrease, respectively (t-test, P < 0.05). Neither
octanol nor amiloride pretreatment was effective at blocking deltamethrin-enhanced
backward swimming compared to their respective controls (t-test, P > 0.05). Given the
pattern of sensitivity exhibited to various antagonists, the calcium channel of P.
tetraurelia most resembles mammalian T-type, aiE class isoform, isolated from rat brain
(Snutch et al., 1990) and the phenylethylamine sensitive T-type channel characterized in
mouse spermatogenic cells (Arnoult et al., 1998).

4.2 Effects of Deltamethrin on Spontaneous Membrane Depolarization.
To substantiate our original finding that deltamethrin acts as an agonist on the ciliary
calcium channel of Paramecium and to measure the effect of this insecticide directly on
Ca+2 influx in the presence of spontaneous membrane depolarization, we devised a
radioisotope flux assay using 45Ca2+ and 22Na+. Figure 2 illustrates the estimated Ca+2
influx, determined by 45Ca2+ uptake, by various strains of P. tetraurelia treated with the
toxic lR-isomer of deltamethrin. Both the wild type cells and the fast-2 mutants showed
significantly higher levels of Ca2+ influx, approximately 22% and 48%, respectively
compared to their corresponding ethanol controls. As expected the fast-2 mutant, which
does not have a Ca2+-dependent sodium channel, is relatively more sensitive to the
agonistic action of deltamethrin. This increased sensitivity is due to the fact that the
2+

membrane potential of this mutant is controlled predominantly by Ca

because Na

cannot contribute to the inactivation of the calcium current via activation of the calciumdependent sodium channel. The Ca2+ influx of pawn mutants, which do
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14

EtOH

Ca2+ Influx (nmoles/cell)

12

lR-Deltamethrin
lS-Deltamethrin

10

8

a

6

T

4

2

0

Pawn

Wild type

Fast-2

P. tetraurelia Strains
Figure 2. Effects of 1R- and 1 S-deltamethrin (10'5 M) on Ca2+ influx in wild typQ,pawn
and fast-2 strains of P. tetraurelia as measured by 45Ca2+ influx. An a denotes values
significantly higher than EtOH (ethanol) treated cells (t-test, n = 3, P < 0.05).
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not possess functional voltage-sensitive calcium channels, were not significantly affected
by deltamethrin treatment (P > 0.05). Also, treatment with the nontoxic IS-isomer did
not result in any significant increase in Ca

influx in any of the strains.

Table 2. The effects of deltamethrin on sodium influx as measured by
strains of P. tetraurelia.

Na+ influx
(nmoles/cell)

SE

5.32

0.18

12.41

1.00

EtOH

7.49

0.33

10‘5 M Deltamethrin

7.12

0.41

Treatment

Na influx in

t-test
(f-value3)

Wild type strain
EtOH
1 O'5 M Deltamethrin

0.02

Fast-2 strain
0.71

a indicates P-value for t-test of treatment group vs. EtOH (ethanol) alone.

The effect of deltamethrin on Na+ influx in wild type and fast-2 strains is given in
table 2. Deltamethrin significantly increased Na+ influx in the wild type strain by 57%
but did not significantly effect Na+ influx of the fast-2 mutant compared to the ethanol
treatment. This result is expected since fast-2 mutants are functionally deficient in the
calcium-dependent sodium channel. We conclude, therefore, that the primary site of
action of deltamethrin in Paramecium is the calcium channel and that increased Na+
uptake in wild type strain is due to the activation of the calcium-dependent sodium
channel.
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Figure 3. The log-dose response curve of the effects of deltamethrin on membrane
potential in P. tetraurelia. An a denotes values that are significantly more depolarized
than ethanol control (t-test, n =3 ,P< 0.05). A b denotes values that are significantly
more depolarized than ethanol control (t-test, n = 3, P < 0.10).
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4.3 Effects of Deltamethrin on Membrane Potential.
The dose response relationship of increasing concentrations of deltamethrin on whole
cell P. tetraurelia membrane potential as measured by the fluorescent dye, rhodamine

6G, is illustrated in figure 3. Deltamethrin-treated cells (>10 10 M) elicited significant
more depolarized membrane potentials than ethanol-treated control cells (t-test, n =3, P
< 0.05), with the subsequent dose-response curve occurring over the range of 10

-9

to 10

-7

M. Concentrations greater than 10’7 M resulted in aberrant assay results due to rapid cell
death. These results provide further evidence that CS-pyrethroids are potent calcium
channel agonists resulting in membrane depolarization and death by osmotic lysis.

4.4 Effects of Deltamethrin on Calcium Influx Under Depolarizing Conditions.
The Ca2+ radioisotope flux data presented previously supports our original findings
that deltamethrin is extremely toxic to P. tetraurelia and affects avoidance reaction
behaviors in a stereospecific manner only on cells that possess functional ciliary voltagesensitive calcium channels (Clark et al., 1995). To directly corroborate that pyrethroids
are potent calcium channel agonists at more physiologically-relevant assay conditions, a
spectrofluorometric assay to measure Ca2+ influx using the fluorescent dye fura-2 was
developed. Figure 4 illustrates a typical fura-2 determination of [Ca2+]j in the presence
2+

and absence of 10'7 M deltamethrin. Deltamethrin-treated cells elicit an increase in [Ca ]j
under resting (60-120 sec) and particularly depolarizing (120-200 sec) conditions.
Replicate assay data for these experiments using the wild type and pawn strains are
summarized in Table 3.
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Treatment of wild type cells with 1 R-deltamethrin resulted in an 8-fold increase in
Ca

influx compared to ethanol-treated, K -induced cells, whereas, treatment with 1S-

deltamethrin resulted in no significant change of Ca

influx. In pawn mutant cells, Ca

influx was not significantly altered by 1 R-deltamethrin. Treatment with D595
antagonized Ca

influx, resulting in a 3.6-fold reduction in Ca

influx compared to

ethanol-treated cells. Pretreatment (5 min) of wild type cells with D595 attenuated the
effect of 1 R-deltamethrin on Ca
stimulated Ca

2~b

influx, resulting in a 24-fold reduction in deltamethrin-

influx. Whole cell fura-2 measurement of the effects deltamethrin an P.

2_j_

tetraurelia Ca

influx indicate that deltamethrin modifies the ciliary calcium channel in a

toxicologically relevant and stereospecific manner.

Table 3. The effects of calcium channel agonists and antagonists on calcium influx of P.
tetraurelia under K+-induced depolarization.

Treatment

Ca2+ Influx
(nmoles Ca /mg protein)

SE

EtOH

1.48

0.07

10’7M 1 R-Deltamethrin

9.80

1.16

0.09

10'7M 1 S-Deltamethrin

1.44

0.20

0.74

10'7M D595

0.69

1.58

0.83

10"7M D595/10‘7M 1 R-Deltamethrin

0.41

0.60

0.58

EtOH

1.18

0.27

10"7M 1 R-Deltamethrin

2.59

0.97

t-test
(P-valuea)

wild type strain

Pawn strain

a indicates E-value for t-test of treatment group vs. EtOH (ethanol) alone.
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Figui e 5. Effects of deltamethrin on Ca2 influx in ciliary vesicles prepared from wildtype and pawn mutant strains of P. tetraurelia. An a denotes that deltamethrin treatment
is significantly higher than EtOH (ethanol) control (t-test, P < 0.05).
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4.5 Effects of Deltamethrin on Calcium Influx in Ciliary Vesicles.
Ciliary vesicles, enriched with calcium channels, were trap-loaded with fura-2 and
used to validate the effects of deltamethrin on the Ca2 influx. The effects of deltamethrin
on ciliary vesicles prepared from wild type and pawn strains are illustrated in figure 5.
Deltamethrin (10"7M) stimulated Ca2+ influx 12-fold compared to ethanol treatment in
vesicles made from wild type cells. As expected, pawn-&Qn\Q& vesicles, which have no
functional calcium channels, showed no significant difference between deltamethrin and
ethanol treatments. These results are consistent with a potent and selective action of
pyrethroids on the ciliary calcium channels of P. tetraurelia (Clark et al., 1995) and
indicate that ciliary vesicles are a valuable preparation in the use in detailed biochemical
analysis of the action of pyrethroids on the T-type calcium channel.

Table 4. The effects of pertussis toxin (PTX) pretreatment on mortality of P. tetraurelia
in the presence and absence of deltamethrin.

Treatment

LT50 Value
(Sec)

95% Confidence Interval
(Sec)

t-test
(P-value3)

DMSO Pretreatment

EtOH
1 O'7 M Deltamethrin

92001

80540 >x> 105090

62

60 > x > 64

<0.01

PTX Pretreatment

EtOH
1 O'7 M Deltamethrin

1416837

1254007 > x > 1600848

80b

75 > x > 85

<0.01

a indicates P-value for t-test of treatment group vs. EtOH (ethanol) alone.
b indicates that PTX pretreated cells are significantly higher that DMSO pretreated cells
in the presence of 10'7 M deltamethrin (t-test, n = 30, P < 0.01).
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4.6 Effects of Pertussis Toxin on Deltamethrin-Evoked Mortality and Behavioral
Responses.
Several reports have implicated the presence of G-proteins in Paramecium (Forney
and Rodkey, 1992, Fraga and Hinrichsen, 1994) and their role in the chemotaxtic
response (Bernal et al., 1991, 1993, Clark et al., 1993). Similarly, a role for PTXsensitive G-proteins has been established for photo- and mechano-responses in the related
ciliate, Stentor coeruleus (Marino 1993, Pebczak et al., 1993).
In efforts to examine the role of G-proteins on the modulation of the calcium channel
in P. tetraurelia, we have adapted the standard mortality and behavioral bioassay to cells
exposed to deltamethrin in the presence and absence of PTX. The effects of PTX on
deltamethrin-evoked mortality of P. tetraurelia are given in table 4. PTX pretreatment
resulted in a 23% increase in LT50 value (reduced mortality) for cells exposed to
deltamethrin (P < 0.05). To further substantiate the role of G-proteins in the action of
deltamethrin on the ciliary calcium channel, we adapted our standard behavioral bioassay
to examine the effects on PTX on P. tetraurelia backward swimming behavior. The
effect of deltamethrin on the backward swimming behavior of P. tetraurelia in the
presence of PTX is illustrated in figure 6. PTX treatment of cells results in a 92%
decrease in observed mortality (i.e. higher LT50 value). PTX pretreatment of cells
resulted in a 34% decrease in backward swimming behavior (P < 0.05). These data
indicate that the ADP-ribosylating factor, PTX alters the toxic effects of deltamethrin
resulting in less mortality and backward swimming due to decreased Ca2+ influx.
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6

70

DMSO
Pretreatment
I Pretreatment

EtOH

Deltamethrin

EtOH

Deltamethrin

Treatment Group

Figure 6. Effects of pertussis toxin pretreatment on deltamethrin-stimulated backward
swimming of P. tetraurelia in depolarizing buffer. An a denotes that deltamethrin
treatment is significantly higher than the EtOH (ethanol) control group (t-test, n = 30, P <
0.05). A b denotes that pertussis toxin (PTX) pretreatment of cells significantly reduced
deltamethrin-stimulated backward swimming (t-test, n = 30, P < 0,05).
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4.7 Effects of Non-hydrolyzable Analogs of Guanine Nucleotides on Calcium Influx into
Ciliary Vesicles.
In order to determine whether G-proteins may be involved in the action of pyrethroids
on the ciliary calcium channel in P. tetraurelia, we conducted pharmacological
experiments with deltamethrin in the presence and absence of non-hydrolyzable analogs
of guanine nucleotides using our fura-2 vesicle assays. The effects of trap-loaded GTP-yS and GDP-p-S on Ca

influx into ciliary vesicles in the presence and absence of

deltamethrin are given in figure 7. Treatment with deltamethrin (10
Ca

M) alone stimulated

influx by approximately 12-fold compared to ethanol control. In the presence of an

internalized non-hydrolyzable GTP analog, GTP-y-S, deltamethrin resulted in a 100-fold
increase in Ca

influx compared to its corresponding ethanol control. Although

statistically not significant (P > 0.05), the action of deltamethrin on the Ca2+ influx into
vesicles that contained GDP-P-S was reduced by 2-fold compared with vesicles that only
treated with deltamethrin. Ethanol control values were not significantly different from
non-hydrolyzable GTP analogs (P > 0.05), indicating that these treatments did not have
any effect alone and that it was only in the presence of deltamethrin that Ca2+ influx was
stimulated.
Bernal and Ehrlich (1993) have shown that non-hydrolyzable analogs of G-proteins
alter Paramecium swimming behavior and voltage-sensitive calcium channel gating
characteristics. Rossingnol (1991, 1993) reported that Gpy is a target site for CSsyndrome pyrethroids and is a calcium channel regulatory protein (De Waard et al., 1997,
Zamponi et al, 1997).
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The observed phenomena of non-hydrolyzable analogs modifying deltamethrinstimulated Ca

influx provides compelling evidence that the action of CS-

syndrome pyrethroids on the calcium channel may be complicated, and may modify
many aspects of Ca2+ regulation and cellular signaling events.

4.8 Phospholipase C Activity in Ciliary Vesicles.
One of the most well established functional roles of GPy is the activation of some
isoforms of PLC (Clapham and Neer, 1997). Given the evidence that G-proteins are
involved in the action of deltamethrin on the calcium channel, we developed an in vitro
assay, using purified PLC, to examine the effects of deltamethrin on GPy using PLC
activity. The dose-response effects of deltamethrin on purified PLC activity in the
presence of exogenous GPy is illustrated in Figure 8. Deltamethrin treatment (1CT9M)
resulted in a significant 4-fold increase in PLC activity with the apparent dose-response
curve occurring over 4-5 orders of magnitude.
Phospholipase activity has been reported in Paramecium and is involved with cellular
chemoresponse (Paquette et al., in press). Paramecium also respond to exogenous PLC
by releasing glycophosatidylinositol (GPI) anchored proteins from the surface membrane
(Paquette et al, in press). To determine if P. tetraurelia PLC activity is affected by
deltamethrin, we adapted our in vitro assay by replacing exogenous PLC with disrupted
ciliary vesicles. The effects of toxic and non-toxic enantiomers of deltamethrin on PLC
activity in ciliary vesicles are given in table 5. Treatment with 1 R-deltamethrin (10'7 M)
resulted in a 3-fold increase in PLC activity while treatment with the non toxic lS-isomer
resulted in no significant difference compared to ethanol treatment alone.
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3

(fmol IP /min/mg protein)

In vitro PLC Activity

Figure 8. Dose-response relationship of deltamethrin on PLC activity in the presence of
Gpy in vitro. An a denotes that deltamethrin treatment is significantly different than
EtOH (ethanol) control (t-test, n = 3, P < 0.05).
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Treatment of the ciliary vesicles with the PLC inhibitor, U-73122, resulted in an
approximate 3-fold inhibition of PLC activity, however this decrease was not
significantly different than ethanol alone. Pretreatment (10 min) of the vesicles with U73122, nonetheless, did reduce deltamethrin-stimulated PLC activity by 4.5-fold
compared to deltamethrin treatment alone. This latter finding is intriguing since U-73122
is an antagonist of the G-protein up-regulation of PLCp.

Table 5. The effects of 1R- and IS-deltamethrin and U-73122 on PLC activity in ciliary

vesicles.

Treatment

PLC Activity
(fmol IP3/min/mg protein)

SE

EtOH
10"7 M 1 R-deltamethrin
10‘7M IS-deltamethrin
U-73122
U-73122 + 10‘7M 1 R-deltamethrin

11.5
36.2
8.5
3.8
8.0b

3.3
2.1
0.4
1.1
2.5

t-test
(P-valuea)

0.003
0.222
0.174
0.514

a indicates P-value for t-test of treatment group vs: EtOH (ethanol) alone.
b indicates that treatment group is significantly different from 10'7 M deltamethrin
treatment alone (P < 0.01).

The effects of PLC activators on PLC activity in ciliary vesicles in the presence and
absence of 1 R-deltamethrin (10'7 M) are given in table 6. Treatment of ciliary vesicles
with GPy resulted in a 2.5-fold increase and 1 R-deltamethrin resulted in a 3-fold increase
in PLC activity, respectively. The greatest increase in PLC activity occurred when ciliary
vesicles were treated with both GPy and deltamethrin, resulting in a 2-fold increase in
PLC activity compared to GPy alone, a 2-fold increase compared to deltamethrin alone
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and a 6.2-fold increase compared to ethanol alone. These results indicate a synergistic
relationship between deltamethrin and Gpy on PLC activity.
Treatment of ciliary vesicles with PDGF, a well-characterized PLC activator of the yisoform of PLC, resulted in a 2.4-fold increase in PLC activity. However, deltamethrin
did not synergize PLC activity when applied with PDGF. Collectively, these results
provide evidence that CS-syndrome pyrethroids, like deltamethrin, may elicit a portion of
its toxic action through a modification of the Ca

signaling cascade and not directly via

the calcium channel exclusively. The fact that deltamethrin modified Gpy-induced PLC
activity and not PDGF-induced PLC activity is intriguing since these two activators upregulate different PLC isoforms and indicate a specific interaction.

Table 6. The effects of activators on PLC activity in ciliary vesicles.

PLC Activity
(fmol IFymin/mg protein)

SE

EtOH
10"7 M deltamethrin

11.5
36.2

3.3
2.1

0.003

Gpy
GPy + 10'7 M deltamethrin

28.2
70.9b,c

0.4
0.9

0.007
<0.001

PDGF
PDGF + 10'7 M deltamethrin

27.8
29.0

3.1
2.9

0.023
0.008

Treatment

t-test
(P-value3)

a indicates P-value for t-test of treatment group vs. EtOH (ethanol) alone.
b indicates that treatment group is significantly different from 10'7 M deltamethrin
treatment alone (P < 0.001).
c indicates that treatment group is significantly different from Gpy treatment alone
(P< 0.001).
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3

PLC Activity in Ciliary Vesicles
(fmol IP /min/mg protein)
Figure 9. Dose-response increase of PLC activity induced by deltamethrin in the
presence of exogenous Gpy subunit in disrupted ciliary vesicles. An a denotes that

<005)

m treatmen* ‘S si§niflcantly higher than EtOH (ethanol) control (t-test, n = 3, P
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In order to further investigate the synergistic relationship between GPy and
deltamethrin on PLC activity, we measured the effect of increasing concentrations of
deltamethrin on PLC activity in the presence of Gpy. Figure 9 illustrates the log-dose
response curve of the effects of 1 R-deltamethrin on PLC activity on ciliary vesicles in the
presence of GPy. Deltamethrin concentrations as low as 1 O'9 M stimulated PLC activity
by 2.3-fold. Deltamethrin activation of PLC activity was dose-dependent, stereospecific,
and augmented by exogenous Gpy, providing further evidence that the action of
deltamethrin may be modifying Ca2+ regulation by a variety of cell signaling cascades.

4.9 Detection of G-Proteins in Ciliary Vesicles.
Given the circumstantial evidence of G-proteins in Paramecium, we attempted to
identify the punitive subunits for both Got and Gp using a antibody detection scheme.
The western blot analysis for the presence of Got and Gp in ciliary vesicles is given in
figure 10. A single 41 kDa protein band was detected using a antibody raised against the
highly conserved GTP binding region of many different isoforms of Got. In the case of
the p-subunit, the antibody detected the conserved N-terminal region that interacts with
the y-subunit of G-proteins. Using this antibody, two distinct putative Gp protein bands
were detected with estimated molecular weights of 36 and 33 kDa, respectively. These
results provide corroborative evidence for the presence of G-proteins in the cilia of
Paramecium.
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A

B

12

3

12 3

\
Figure 10. Immunoblot identification of G-protein subunits in P. tetraurelia. A: Western

blot identification of a 41 kDa protein detected by anti-Goc-protein, an antibody that
recognizes a conserved region within the GTP binding domain of Goc-subunits. Lane 1:
G-protein standard mixture (250 ng). Lane 2: 100 pg of ciliary vesicles. Lane 3: 50 pg of
ciliary vesicles. B: Western blot identification of a protein detected by anti-Gp-protein,
an antibody that recognizes the N-terminus of Gp-subunits. Lane 1: G-protein standard
mixture (250 ng). Lane 2. 100 pg of ciliary vesicles. Lane 3; 50 pg of ciliary vesicles.
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1

2

Figure 11. Pertussis toxin catalyzed ADP-ribosylation of purified cilia isolated from P.
tetraurelia. Lane 1: 1 pg of purifed G-protein standard mix. Lane 2: 50 pg of purified

ciliary vesicles.
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The presence of Goc was further confirmed using the ADP-ribosylation reaction.
Figure 12 illustrates the results of a PTX-stimulated ADP-ribosylation reaction of a
putative Ga in cilia. The apparent molecular weight of this protein was estimated to be
41 kDa and the protein co-migrated with the Ga standard mix. These results provide
further corroborating evidence for the presence of G-proteins in Paramecium.
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CHAPTER 5
DISCUSSION

The pharmacological assessment of various strains of P. tetraurelia, an organism that
does not possess a voltage-sensitive sodium channel, indicates that deltamethrin acts by
increasing Ca

"°)4-

•

influx via the voltage-sensitive calcium channel. Whole cell behavioral

bioassays, radioisotope and fura-2 analyses of Ca2' influx, and fluorescent measurement
of membrane potential indicate that the toxicity of deltamethrin is due to its agonistic
action at the ciliary calcium channel of P. tetraurelia. The action of deltamethrin was
dose-dependent, stereospecifc and blocked by specific calcium channel antagonists.
It has been reported previously that deltamethrin increases backward swimming
behavior and mortality in whole cell bioassays under both resting and depolarizing
conditions, which strongly indicates that the toxic action of deltamethrin is coupled to
Ca2+influx via the ciliary calcium channel (Clark et al., 1995). Direct 4?Ca2+ flux studies,
using a previously determined toxic concentration of deltamethrin under resting
conditions, corroborate the action of deltamethrin to evoke Ca2+ influx in wild type cells.
In fluorescent experiments, concentrations of 1 R-deltamethrin as low as 10'10 M resulted
in increased Ca

influx and extensive membrane depolarization which correlated to the

high sensitivity of P. tetraurelia to deltamethrin in mortality and behavioral bioassays.
The nontoxic 1 S-enantiomer did not elicit these actions. Thus, these findings
substantiates a stereospecific relationship between the toxic and the non-toxic
enantiomers of deltamethrin on Ca

influx via the ciliary calcium channel.
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The availability of well-characterized channel mutants is a distinct advantage for using
P. tetraurelia as a model to study the action of pyrethroids on calcium channels.

Deltamethrin does not elicit any toxic effects nor does it induce any backward swimming
on the pawn mutants, which lack a functional voltage-sensitive calcium channel (Clark et
al., 1995). Conversely, the fast-2 mutants, which do not posses Ca2+-dependent sodium

channels (Kung et al., 1975), were more sensitive to deltamethrin in mortality and
behavioral bioassays (Clark et al., 1995).
Deltamethrin-treated pawn cells do not elicit a significant increase in Ca2+ influx
compared to solvent-treated cells as measured by radioisotope flux and the fura-2
fluorescent assays. As expected, deltamethrin treatment of the fast-2 mutants resulted in
significantly greater Ca2+ influx compared to the wild type cells but resulted in no
significant increase in Na+ influx. This increased sensitivity to deltamethrin is due to the
fact that the membrane potential of the fast-2 mutant is controlled predominantly by Ca2+
and Na cannot contribute to the inactivation of the voltage-sensitive calcium channel via
depolarization of the calcium-dependent sodium channel of this mutant (Kung et al
1975). Thus, the primary target site of deltamethrin in P. tetraurelia is the calcium
channel with increased Na+ influx occurring only in wild type cells due to the activation
i?

2“b

of the Ca -dependent sodium channel which is activated upon Ca2+ influx via the ciliary
calcium channel. This research suggest that CS-syndrome pyrethroids, such as
deltamethrin, elicit their toxic action by modifying ciliary calcium channel in some
fashion, thereby resulting in an increase in Ca2+ influx; enhanced backward swimming
and ultimately producing mortality by osmotic cell lysis.
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Ehrlich et al. (1984, 1988) previously characterized the ciliary calcium channel of a
marine species of Paramecium in a series of experiments as low-voltage activated and
inhibited by Ni2+, Cd2+ and the naphthalene sulfonamides. Clark et. al. (1995)
demonstrated that the freshwater species of P. tetraurelia are not intoxicated by coconotoxin GIVA, an organic calcium channel blocker specific for N-type Ca

currents.

In the present study, we have found that this channel is highly sensitive to Ni

and

insensitive to amiloride and octanol in behavioral bioassays tested with or without
deltamethrin. Given the pattern of sensitivity to various organic calcium channel ligands
and inorganic cations, the calcium channel from P. tetraurelia has a pharmacological
profile most similar to the mammalian T-type channel expressed from rat brain,
particularly the aiE class isoform (Snutch et al., 1990) and in mouse spermatogenic cells
(Arnoult et al, 1998). The latter channel is most intriguing since this T-type channel has
a diverse pharmacological profile, including sensitivity to verapamil (a phenylalkyamine)
and PN200-110 (a dihydropyridine), two calcium channel blockers that have been used to
pharmacologically classify mammalian L-type channels (Conley and Brammer, 1999).
Current molecular characterization of calcium channels indicates that there are at least
6 different types of isoforms for the pore-forming ai-subunit and that the subunit
diversity results in a wide spectrum of calcium channel function (Snutch and Reiner,
1992, Perez-Reyes and Schneider, 1995, Randall, 1998, Conley and Brammer, 1999).
0-4-

The characterization of the Ca

•

•

•

conducting ai-subunit is crucial, therefore, in evaluating

the underlying gating mechanisms of this calcium channel in Paramecium and the
molecular action of deltamethrin. Various oci-isoforms (N-, P/Q-, T-type) are directly
regulated by G(3y (Zamponi et al1997, De Waard et al1997, Clapham and Neer,
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1997). These findings perhaps provide an explanation for the observations that
nonhydrolyzable analogs of guanine nucleotides modulate both the backward swimming
behavior and the Ca

O-A-

action potential of Paramecium (Bernal et ah, 1991, 1993, Clark et

al., 1993).

Since pyrethroids are hydrophobic in nature, conventional biochemical binding studies
have been difficult. However, various approaches have been employed, using tritiated
pyrethroid analogs. A radiolabelled photoreactive method was devised by Rossingnol to
identify a novel binding site of pyrethroids in excitable cells (Rossingnol 1991). Using
this method, a photoactive analog of fenvalerate, ([ H]decyanoazidofenvalerate
([ H]DeCAF)), labeled on the alcohol moiety, predominately bound to a 36 kDa
membrane protein in rat brain. Further studies revealed the 36 kDa protein specifically
labeled by [ HJDeCAF was identified as the (3-subunit of G protein from the rod outer
segments of rat retina (Rossingnol 1991). This finding implies that pyrethroids may
directly interact with G(3y and perhaps alter G-protein modified signal transduction. More
recent similar binding studies conducted by Trainer et al (1997) revealed that a
photoreactive pyrethroid analog, labeled at the acid moiety, bound to the voltagesensitive sodium channel. These results indicate that different classes of pyrethroids may
possess multiple sites of action.
Given the possible involvement of G-protein regulation of the calcium channel in
Paramecium and the pharmacological similarities of this channel to the mammalian E

class, T-type calcium channel, which is directly regulated by GPy, it is possible that a
similar regulatory mechanism may exists in P. tetraurelia. This possibility is intriguing
since binding studies have shown that pyrethroid analogs bind to both GPy (Rossingnol
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1991) and sodium channels (Trainer et al, 1997). Alteration of the normal interactions
between the a i-subunit of the calcium and/or sodium channels and GPy could be one
possible mechanism that couples the toxicological ramifications of deltamethrin exposure
to the two neuronal channels. Nevertheless, a complete pharmacological and molecular
characterization of the ciliary calcium channel from Paramecium is necessary to establish
such relationships.
Bernal et al. (1991, 1993) have reported that Paramecium treated with GTP-y-S, an
analog that liberates Ga from the Gpy, resulted in an increased backward swimming and
prolonged the duration of Ca2+ action potentials. However, GDP-p-S treatment, an analog
that maintains the G-protein in the heterotrimeric form, slightly reduced both backward
swimming and duration of the Ca2+ action potentials. Our finding that deltamethrine

2+

stimulated Ca

influx in the presence of GTP-y-S is strongly synergized, suggests that G-

proteins may be involved in the action of deltamethrin on the ciliary calcium channel in
P. tetraurelia by interacting with the signaling system that governs calcium channel
regulation.
Additionally, we have putatively identified G-protein like-subunits in the cilia of P.
tetraurelia by antibody labeling and PTX-catalyzed ADP-ribosylation. We also have
observed that PLC activity is increased by exogenously added GPy in bioassays using
disrupted ciliary vesicles. These results indicate that G-proteins like proteins are present
in Paramecium. Furthermore, GPy-activation of PLC activity in ciliary vesicles was
greatly synergized by the toxic 1R isomer of deltamethrin. Collectively, these results
implicate that a secondary action of deltamethrin, involving a membrane delimited
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signaling pathway, may exist in P. tetraurelia and may be an explain why deltamethrin is
so toxic to this organism at extremely low concentrations.
Gpy regulates many different intracelluar signally events, including the voltagesensitive calcium channel and PLC (Clapham and Neer, 1997). Recently, De Waard et al.
(1997) reported that calcium channel a-subunit

(ccia, ocjb, ocje)

isoforms possess at least

two distinct regions, the ai-subunit interaction domain (AID) and domain II (D2), which
directly bind Gpy of the heterotrimeric G-proteins (De Waard et al., 1997). Binding of
Gpy to the AID and D2 regions results in an initial inhibition of Ca

flux. This initial

inhibition, however, can be overcome by a strong electrophysiological prepulse, which
results in a facilitation mechanism that produces a 'willing' or conducting state (De Waard
et al., 1997). In related studies, Zamponi et al. (1997) reported that a PKC-dependent
phosphorylation event in the D2 region results in inhibition of the inactivation of the
channel (producing a conducting state). It is appropriate to speculate that a similar
regulatory pathway exists for the T-type calcium channel in Paramecium.
Numerous pyrethroid target sites have been reported, including voltage-sensitive
sodium channels (Narahashi, 1992, Trainer et al., 1997), calcium channels (Clark et al.,
1995, Duce et al., 1999), potassium channels (Narahashi, 1971), chloride channels
(Forshaw et al, 1993), calmodulin-dependent protein kinases (Enan and Matsumura,
1992), peripheral benzodiazepine receptor (Devaud et al., 1986), Ca -stimulated ATP
hydrolysis and sodium/calcium exchangers (Clark and Matsumura, 1986), nicotinic
acetylcholine receptor (Abassy et al, 1982), GABA receptors and GABA-activated
channels (Lawrence and Casida, 1983), phospholipase C (Gusovsky et al., 1986,
0

Gusovsky et al., 1989, Enan and Matsumura, 1993) and Gpy (Rossingnol, 1991). A
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commonality that many of these distinct targets sites share is that many are directly
regulated by G(3y (Chapham and Neer, 1997).
Based on this published information and our current research, we propose a novel
mechanism of action for CS-syndrome pyrethroids in addition to the direct action of these
compounds on the calcium channel. Deltamethrin may directly interact with GPy and
enhance the affinity of this molecule for PLC, resulting in increased enzyme activity. The
up-regulation of PLC results in the simultaneous production of IP3 and diacylglycerol
(DAG). Elevated concentrations of intracellular DAG stimulate PKC activity thereby
resulting in phosphorylation of the D2 region of the calcium channel. The consequence of
this event is that the ciliary calcium channel remains in the activated state and allows
increased intracellular Ca

9-j-

uptake. Indeed, there is evidence that a phosphorylation event

is involved with the regulation of the ciliary calcium channel and the backward
swimming behavior of P. tetraurelia. Klumpp et al. (1990) reported that P. tetraurelia
treated with the potent protein phosphatase

1

inhibitor, okadaic acid, resulted in a

sustained backward swimming behavior following a K+-induced depolarization event.
Finally, pyrethroids are remarkably effective insecticides because of their inherent
ability to disrupt the insect nervous systems at concentrations that result in no
mammalian toxicity (Bradbury and Coates, 1989) and undoubtedly will be used more
extensively in agriculture since certain organophosphorous and carbamate insecticides
have been restricted by the Environmental Protection Agency. Pyrethroids are extremely
toxic, however, to aquatic organisms, particularly fish. An ecological hazard assessment
of the CS-syndrome pyrethroid, fenvalerate on a macro-invertebrate freshwater
community indicated that exposed ecosystems were structurally different than non-
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exposed systems (Woin, 1998). Long term changes of ecosystem communities exposed to
fenvalerate were caused by direct effect of this pesticide on sensitive animals and
secondary effects resulting from altered interspecies relationships (Woin, 1998). Given
these long term ramifications of pyrethroids on macro-invertebrate aquatic systems
(Woin, 1998), it is possible that a similar circumstance could exist in micro-invertebrate
communities. It has been previously shown that the aquatic ciliate P. tetraurelia is
sensitive to environmentally relevant concentrations of pyrethroids and other pesticides
(Clark et al., 1995). Thus, P. tetraurelia may serve as a biological indicator species to
assess the short and long term ramifications of aquatic communities exposed to pesticides
or environmental contaminants.

\
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CHAPTER 6
CONCLUSIONS

Using Paramecium tetraurelia, a ciliate organism that contains no voltage-sensitive
sodium channels, CS-syndrome pyrethroids were found to agonize the T-type ciliary
2+

calcium channels in a dose-dependent and stereospecfic manner, resulting in Ca

influx,

backward swimming and death by osmotic lysis. Pertussis toxin treatment of cells
reduced deltamethrin-stimulated mortality and behavioral responses and deltamethrinstimulated Ca2+ influx in ciliary vesicles was synergized in the presence of GTP-y-S, a
non-hydrolyzable GTP analog. Furthermore, GPy activation of PLC activity in ciliary
vesicles was increased in the presence of deltamethrin. Thus, these results suggest that
Gpy may be involved in the regulation of the ciliary calcium channel of P. tetraurelia and
that CS-syndrome pyrethroids modify calcium channel regulation.

63

APPENDIX
BIOPHYSICAL AND PHARMACOLOGICAL CHARACTERISTICS OF VOLTAGESENSITIVE CALCIUM CHANNELS
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Table 7: Biophysical parameters of volt age-sensitive calcium channel types
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